Introduction
Aspirin, a nonsteroidal anti-inflammatory drug, is used clinically as antipyretic, analgesic and anti-inflammatory medicine. It has been indicated to reduce the risk of cancers, including bladder cancer (1), breast cancer (2), glioma (3) , and particularly colorectal cancer (4, 5) . Although the considerable evidence demonstrating that aspirin prevents cancer progression is compelling, the underlying molecular mechanism remains enigmatic. Numerous molecular targets and pathways have been implicated; however, the antitumor activity of aspirin may be not attributed wholly to a single target or pathway (6) . It is likely that aspirin influences several molecular pathways that cross each other.
Mammalian target of rapamycin (mTOR) is a 289-kDa serine⁄threonine kinase which is highly expressed in the processes of multiple types of tumors as the control center of cell growth, differentiation, apoptosis and angiogenesis (7, 8 regulating cell growth by controlling mRNA translation, ribosome biogenesis, autophagy and metabolism (9, 10) . Angiogenesis, the formation of new blood vessels, is required for tumor growth and metastasis. Several regulating pathways have been involved in this process. Through immunohisto chemistry and western blot analysis, we observed that hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor-A (VEGF-A) are the downstream proteins of mTOR. Tumor tissue is usually accompanied by hypoxia, which promotes HIF-1α production. HIF-1α and its downstream target, VEGF-A, play critical roles in tumor angiogenesis and represent an attractive chemotherapeutic target (11) (12) (13) . Ruan et al revealed that the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signaling pathway as 'the regulation center of angiogenesis' could regulate the expression of VEGF-A by hypoxia and HIF-1α, cancer genes, hormones, growth factors and cytokines and other factors (14) . Another study also revealed that although mTOR activity was restrained in hypoxia, the cells still mediated the production of HIF-1α through the mTOR pathway (15) . Under normoxia, improving the activity of mTOR increases the expression of HIF-1α in tumor cells (16) .
Autophagy is an evolutionarily conserved process in which cells recycle long-lived proteins and damaged organelles. It involves the sequestration of cytoplasmic components within a double membrane structure, called autophagosome, and subsequent delivery to lysosomes for degradation (17, 18) . Atg1, with its mammalian homologue UNC-51-like kinase-1 (ULK1), is a conserved serine-threonine kinase that is required for autophagy pathways, and its activity is regulated by the TOR kinase (19) (20) (21) . Yeast Atg8, and its mammalian homolog microtubule-associated protein 1 light chain 3 (LC3), are ubiquitin-like modifiers that are localized on isolation membranes and play crucial roles in the formation of autophagosomes. Yeast expresses a single Atg8 protein, while mammals encode several isoforms, including three MAP1 light chain 3 proteins [LC3A (two splice variants), B and C)] and four γ-aminobutyrate receptor-associated proteins (22) . mTOR exists in a phosphorylated form in normal conditions and suppresses autophagy. However, when the phosphorylated mTOR (p-mTOR) level is downregulated, as observed during rapamycin treatment or nutrient starvation, cell autophagy is induced (23) .
Downregulation of the mTOR pathway due to treatment with mTOR inhibitors suppresses tumor angiogenesis and enhances autophagy (24, 25) . Aspirin inhibits mTOR signaling in colorectal cancer and angiogenesis in murine sarcoma models (6, 26) . Based on this evidence, experimental studies using H 22 hepatocarcinoma and S180 sarcoma models were designed to investigate the underlying mechanisms of the antitumor effects of aspirin.
Materials and methods
Materials. Aspirin, purchased from Qilu Pharmaceutical Co., Ltd. (Shandong, China), was dissolved from powder into drinking water and stored at 4˚C. Everolimus was purchased from Ruibio (Sachsen, Germany) and an original concentration of 40 mM was prepared with dimethyl sulfoxide (DMSO) as a stock solution at 4˚C. DMSO was obtained from /ml. Then 0.2 ml tumor cell suspension was inoculated subcutaneously into the right flank of each mouse, and the S180 sarcoma model was processed in the same way. The mice were maintained under standard husbandry conditions and monitored for body weight and water and food intake.
Drug treatment.
Following tumor cell injection, the mice were randomly divided into four groups with ten mice in each group when the tumors were ~50-100 mm 3 . The four groups were as follows: i) no treatment, used as control; ii) low-dose aspirin (100 mg/kg); iii) high-dose aspirin (400 mg/kg); iv) everolimus group (4 mg/kg). The control group took in purified water. Aspirin with was administered by oral gavage once daily for 14 days. Everolimus was administered by oral gavage at 4 mg/kg every day for 14 days. Tumor size was measured every other day using a digital caliper, and tumor volume was calculated using the formula: V = AxB 2 / 2, where A and B are the largest diameter and the perpendicular one, respectively. The body weight of the mice was measured every day and the experiment lasted 3 weeks. At the end of the experiment, blood was taken by removing the eyeball and the tumors were dissected and weighed after euthanasia. The tumor inhibitory rate was calculated using the formula: Inhibitory rate (IR)=[average tumor weight of control group (g) -average tumor weight of intervention group (g)] / average tumor weight of control group (g) x 100%. Sections of each tumor were immediately placed in 4% paraformaldehyde for immunohistochemistry. The remainder of each tumor was snap frozen for western blotting and stored at -70˚C until processing.
Histology and immunohistochemistry. Tumor tissue was treated by paraffin embedding after being placed overnight in 4% paraformaldehyde. The paraffin blocks within the tumor tissue were cut into 4-µm sections for immunohistochemical staining. Sections were de-waxed in xylene, then rehydrated through ethanol divided into different gradients and rinsed by distilled water. Following treatment with 3% hydrogen peroxide in absolute methanol to inactivate endogenous peroxidase activity, sections were subjected to hot repair with citrate antigen retrieval solution (pH 6.0) for 15 min to expose epitope, and then cooled to room temperature. Sections were washed with phosphate-buffered saline (PBS) three times, five minutes each time, then the primary antibody was added and subsequently incubated overnight at 4˚C. The sections were incubated at room temperature for 50 min and then washed again with PBS three times and sequentially incubated with the secondary antibody. The tissue was incubated at room temperature for 1 h, and then washed with PBS and colored with 3,3'-diaminobenzidine for 2-10 min and finally counterstained with hematoxylin.
Western blotting. The expression profiles for p-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A were determined by western blot analysis. The tumor tissue stored at -70˚C was sheared, ground, centrifugated and boiled. The protein concentration was determined with the BCA kit and then the samples were stored at -20˚C. Equal quantities (20 µg) of samples from different groups were loaded onto sodium dodecyl sulphate-polyacrylamide electrophoresis gel and the resolved proteins were electrotransferred to PVDF membranes. Membranes were sealed with 5% skimmed milk in TBST (1 M Tris-buffered saline, pH 7.6; 5 M NaCl; 0.1% Tween-20) buffer for 2 h before adding primary antibody, and incubated overnight at 4˚C. Western blot analyses were carried out using the appropriate antibody [p-mTOR, LC3A (Cell Signaling Technology, Inc., Danvers, MA, USA); ULK1 (Abcam, Hong Kong, China); HIF-1α, VEGF-A (Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China)]. The membranes were then developed using the ECL Plus chemiluminescence detection system. The band intensities were analyzed by ImageJ software (Wayne Rasband National Institutes of Health, Bethesda, MD, USA) and normalized to β-actin (Cell Signaling Technology, Inc.).
Statistical analysis. The descriptive statistics provided are the means ± standard deviation. A one-way analysis of variance (ANOVA) test was used to assess the effects of different doses for aspirin and everolimus on tumor tissues. Data were analyzed using an ANOVA pairwise comparison method (Bonferroni method) and the Spearman rank correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of aspirin on H 22 hepatoma tumor growth.
In the control and drug intervention groups, tumor dimensions increased. Compared with the control group, the everolimus group (4 mg/kg), high-dose aspirin group (400 mg/kg) and low-dose aspirin (100 mg/kg) group markedly inhibited tumor growth (Table I, Fig. 1 ). The inhibitory rates were 53.7, 36.7 and 21.1%, respectively (P<0.05 for each comparison between treatment groups and the control group). The inhibitory effects were more apparent in the high-dose aspirin group and the everolimus group (P<0.01). Although the inhibitory rate of the low-dose aspirin group was lower, the mice in this group were generally in good condition, with a food and drink intake and weight similar to those of mice in the high-dose aspirin group. This suggests that aspirin may improve the living standard of tumor-bearing mice. (Fig. 2) . The expression of p-mTOR, HIF-1α and VEGF-A in the control group was markedly higher than that in the treatment groups. The expression of ULK1 and LC3A in the treatment groups was higher than that in the control group, particularly in the everolimus and high-dose aspirin groups. Gray scale intensity variants of p-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A immunoreactivity were evaluated by Leica Qwin V3 software (Leica Microsystems GmbH, Wetzlar, Germany). Five positive regions selected randomly from each section were analyzed at an original magnification of x400. An inverse correlation was observed between the gray scale intensity and the protein expression: the higher the gray scale intensity, the weaker the protein expression, and vice versa (Fig. 2) . In each comparison, there was a significant difference (P<0.05). In addition, the high-dose aspirin and everolimus groups were significantly different compared with the control group (P<0.01). p-mTOR, HIF-1α and VEGF-A expression was positively correlated (r=0.788, P<0.01; r=0.776, P<0.01); and HIF-1α and VEGF-A expression was positively correlated (r=0.796, P<0.01). p-mTOR, ULK1 and LC3A expression was negatively correlated (r=-0.804, P<0.01; r=-0.703, P<0.01); ULK1 and LC3A expression were positively correlated (r=0.734, P<0.01). blot analysis in H 22 hepatocarcinoma tumors. P-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A expression was normalized to β-actin expression by band intensity. As shown in Fig. 3 , the expression of p-mTOR, HIF-1α and VEGF-A decreased in the low-dose and high-dose aspirin and everolimus groups, but the expression of ULK1 and LC3A increased when compared with the control group in the H 22 hepatocarcinoma tissue. Band intensities were analyzed using ImageJ software. The expression demonstrated a dose-dependent trend in the high-dose and low-dose aspirin groups. In addition, aspirin at each concentration demonstrated a significant difference among groups (P<0.05). Furthermore, p-mTOR, HIF-1α and VEGF-A expression was positively correlated (r=0.845, P<0.01; r=0.802, P<0.01); HIF-1α and VEGF-A expression was positively correlated (r=0.856, P<0.01); p-mTOR, ULK1 and LC3A expression was negatively correlated (r=-0.528, P<0.05; r=-0.636, P<0.01); and ULK1 and LC3A expression was positively correlated (r=0.779, P<0.01). P-mTOR expression also demonstrated a dose-dependent trend in the high-dose and low-dose aspirin groups. In addition, aspirin at each concentration was significantly different between groups (P<0.05).
Expression of p-mTOR, HIF-1α, VEGF-
Effect of aspirin treatment on p-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A protein expression as assessed by western
Effect of aspirin on S180 sarcoma tumor growth. The experimental conditions and the processing method of the S180 sarcoma model was the same as that used for H 22 tumors. Data were analyzed using an ANOVA pairwise comparison method (Bonferroni method). The average tumor dimension of each group was larger and the inhibitory rates were 48.7, 35.6 and 23.4%, respectively (Table II; Fig. 4 ; P<0.05 for each comparison between treatment groups and the control group). In the low-dose aspirin group and high-dose aspirin group, the mice were in a good general condition, with normal diet and mental state.
Expression of p-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A
in S180 sarcoma tumors. Cells positive for p-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A were stained brown (Fig. 5) . The expression of p-mTOR, HIF-1α and VEGF-A in the control group was markedly higher than that in the treatment groups, but the expression comparison of ULK1, LC3A was the opposite. In each comparison, there was a significant difference (P<0.05). In addition, aspirin at high concentration and everolimus were significantly different compared with the control group (P<0.01). As shown in Fig. 5 , p-mTOR, HIF-1α and VEGF-A expression was positively correlated (r=0.911, P<0.01; r=0.887 P<0.01); HIF-1α and VEGF-A expression was positively correlated (r=0.884, P<0.01); p-mTOR, ULK1 and LC3A expression was negatively correlated (r=-0.86, P<0.01; r=-0.856, P<0.01); and ULK1 and LC3A expression was positively correlated (r=0.836, P<0.01).
Effect of aspirin treatment on p-mTOR, HIF-1α, VEGF-A,
ULK1 and LC3A protein expression as assessed by western blot analysis in S180 sarcoma tumors. P-mTOR, HIF-1α, VEGF-A, ULK1 and LC3A expression was normalized to β-actin expression by band intensity. As shown in Fig. 6 , the expression of p-mTOR, HIF-1α and VEGF-A decreased in the treatment groups, but the expression of ULK1 and LC3A increased when compared with the control group in the S180 sarcoma tissue as with the H 22 hepatocarcinoma model. Band intensities were analyzed by ImageJ software, and aspirin at each concentration demonstrated a significant difference between groups (P<0.05). In the related comparison, p-mTOR, HIF-1α and VEGF-A expression was positively correlated (r=0.648, P<0.01; r=0.66, P<0.01); HIF-1α and VEGF-A expression was positively correlated (r=0.907, P<0.01); p-mTOR, ULK1 and LC3A expression was negatively correlated (r=-0.621, P<0.05; r=-0.705, P<0.01); and ULK1 and LC3A expression was positively correlated (r=0.823, P<0.01). The tendency was similar to that observed in the H 22 hepatocarcinoma model.
Discussion
The function of the mTOR signaling pathway as a target of cancer therapy is being actively pursued (27) . A study revealed that tumor recurrence was accompanied by strong abnormal expression of rapamycin molecular targets, implying that excessive activation of mTOR signaling pathways was also a significant feature of tumor progression (28, 29) . Rapamycin and its analogs, including everolimus, which was approved for use as an immunosuppressive agent in transplant patients, have been tested actively in clinical trials for the past few years and have demonstrated preliminary promise of efficacy in several tumor types (10, 30) . In the present study, we focused primarily on tumor angiogenesis and autophagy effects of drug treatments related to mTOR.
Previous studies have revealed that HIF-1α expression is necessary for tumor growth in certain tumor cell lines, including hepatomas. Decreased expression of HIF-1α is associated with slower cell growth and tumor angiogenesis (12, 31) . HIF-1α and VEGF-A expression are strongly associated with cancer progression and angiogenesis (12) (13) (14) . In our study, the control group demonstrated marked expression of p-mTOR, which is the activated form of mTOR and its downstream protein, HIF-1α and VEGF-A, while the high and low-dose aspirin and everolimus groups effectively inhibited the expression of p-mTOR, HIF-1α and VEGF-A. To identify and characterize whether aspirin inhibited the overexpression of HIF-1α and VEGF-A by decreasing p-mTOR expression, we analyzed the expression of p-mTOR, HIF-1α and VEGF-A by immunohistochemistry and western blotting. The results from the models revealed that p-mTOR, HIF-1α and VEGF-A expression was positively correlated and decreased in a aspirin dose-dependent manner.
ULK1 as a initiatory protein is regulated by mTOR in the process of autophagy (25) . LC3 is a commonly used autophagy marker; its processed form resides in cytoplasm and it could not form without ULK1 (32) . mTOR negatively regulates autophagy, and therefore we assessed aspirin's effects on autophagy by immunohistochemistry and western blotting. The results revealed that the expression of p-mTOR decreased in the aspirin groups but ULK1 and LC3A did the opposite. Aspirin may induce autophagy, as evidenced by the increased LC3A. However, in cancer therapy, the role of autophagy is paradoxical. In certain studies, autophagy appeared to function as a protective mechanism against cellular stress (33, 34) .
However, the induction of autophagy still played a pivotal role in cell death induced by radiations or reagents in other studies (35) (36) (37) . In the present study, there was an increase in autophagy protein expression and there was clear tissue necrosis. This results suggests that aspirin induces autophagy, leading to an inhibition in tutor growth. This study might form a basis for future studies into the anticancer effects of aspirin.
The inhibitory rates induced by aspirin were 36.7 and 21.1% in the murine hepatocarcinoma model (Table I and Fig. 1) , and 35.6 and 23.4% in the sarcoma model (Table II and Fig. 4) . We also concluded that aspirin reduces tumor growth rates significantly (Figs. 1 and 4) .
In the present study, we observed that the levels HIF-1α and VEGF-A, the downstream proteins of mTOR associated with angiogenesis, decreased in the murine hepatocarcinoma and sarcoma models compared with levels in the non-intervention groups. However, the autophagy-related proteins ULK1 and LC3A were induced, as shown in Figs. 2, 3, 5 and 6. p-mTOR, HIF-1α and VEGF-A expression was positively correlated, and p-mTOR, ULK1 and LC3A expression was negatively correlated. We have demonstrated that aspirin may inhibit mTOR signaling associated with anti-angiogenesis and promoting autophagy on the protein expression level. We intend to continue with further experiments on the genetic level. Our study has significant clinical reference value and may potentially lead to therapeutic treatment options for hepatoma or sarcoma and other types of cancer.
